Summary.
The present study clarify intraepithelial events occurring during the formation of intestinal crypts in the descending colon. In early stage, the mucosa is lined with a simple columnar epithelium consisting of undifferentiated cells which are mutually joined by the junctional complex surrounding the intestinal lumen. The epithelium becomes thickened and stratified, and secondary junctional complexes are formed in the abluminal part of the epithelium. An intracellular cavity opens to the focal tight junction of the secondary junctional complex to form an intraepithelial (intercellular) cavity surrounded by the tight junction. The intraepithelial cavity grows by the fusion of intracellular cavities and vesicles as well as by the division of surrounding cells. Intraepithelial cavities fuse with each other and with the main intestinal lumen. This, together with mesenchymal invasion, results in the formation of intestinal crypts lined with a simple columnar epithelium, where various cell types begin to differentiate.
These processes seem essentially similar to those occurring in the developing small intestine except that villi, not crypts, are formed in the small intestine. It is suggested that the formation site and elongation of the tight junction provide for the location and fusion of intraepithelial cavities and eventually result in the formation of villi or crypts, alternatively.
It has long been known that the intestinal lumen is extremely narrowed or obliterated by the thickened epithelium before the formation of intestinal villi or crypts during fetal development (JoHNsoN, 1910 (JoHNsoN, , 1913 KAMMERAAD, 1942; EASTWOOD and TRIER, 1973; HELANDER, 1973; COLONY and NEUTRA, 1983) . This process has been precisely investigated in the small intestine (MATHAN et al., 1976; MADARA et al., 1981; TOYOTA et al., 1989) : it includes the formation of intraepithelial cavities associated with secondary junctional complexes, the enlargement and fusion of the intraepithelial cavities resulting in their opening into the main intestinal lumen, and the formation of primary villi with the invasion of the mesenchymal core. On the other hand, in the developing colon where crypts instead of villi are to be formed, only fragmental descriptions have been made on the appearance of intraepithelial cavities (EASTWOOD and TRIER, 1973; HELANDER, 1973; COLONY and NEUTRA, 1983) and many dead cells (also called apoptotic bodies or meconium corpuscles) (HELANDER, 1973; HARMON et al., 1984; WILLIAMS and BELL, 1985) during the narrowing and reopening of the colonic lumen. The aim of the present study is to clarify more precisely the morphological events in the descending colon during this process and compare them with those found in the small intestine.
MATERIALS AND METHODS
ICR mouse fetuses from Day 13 of gestation (day E13, vaginal plug=day E0) to Day E18 were used for this study. The fetuses were removed from pregnant females under nembutal anesthesia. The descending colon was removed and immersed in 2.5% glutaraldehyde in 0.05M cacodylate buffer (pH7.4). It was cut into small pieces by razor blades, further fixed in the glutaraldehyde fixative for 2h and postfixed in 1 osmium tetroxide with the same buffer for 1h at 4C. Then the tissue pieces were dehydrated and embedded in Epon 812 resin. Ultrathin sections were doubly *This study was supported in part by a grant from the Kazato Research Foundation. **Zhu -jun CHEN is a graduate student of Hiroshima University on leave from Bethune University of Medical Sciences, 
RESULTS

Light microscope observation
Days E13-E14:
The lumen of the descending colon was open and the mucosa was lined with the simple columnar epithelium (Fig. 1a) . The epithelial cell nuclei were usually located in the basal part of the epithelium, and mitotic nuclei were seen near the colonic lumen. Surrounding the epithelium was the loose mesenchymal tissue. In some parts, the epithelium was stratified and the colonic lumen appeared to be obliterated as seen on Days E15-E16 because of asynchronous development.
Days E15-E16:
The epithelium was stratified and the colonic lumen appeared to be obliterated (Fig. lb) . Many mitotic figures were seen in all parts of the thickened epithelium.
The junction between the epithelium and mesenchyme was smooth. The lamina propria and submucosa were not distinguished, but a thin layer of the tunica muscularis developed between the mesenchyme of the mucosa and serosa. Days E17-E18: Deep clefts extended from the irregular colonic lumen toward the basal part of the stratified epithelium, and the epithelio-mesenchymal junction became scalloped on Day E17 (Fig. 1c) . Finally, intestinal crypts lined with the simple epithelium were formed on Day E18 (Fig. 1d) (Fig. 2a, b) . The cytoplasm contained numerous free ribosomes, a few elements of rough endoplasmic reticulum, a small Golgi apparatus and small number of mitochondria.
The cell apex often protruded into the colonic lumen and possessed a few microvilli. Centrioles were seen in the apical cytoplasm and a cilium was sometimes projected into the colonic lumen (Fig. 2c) . The lateral plasmalemmas of neighboring cells were mutually joined by the junctional complex near the colonic lumen. The tight junction and desmosomes were distinguished in the junctional complex. The intermediate junction was not identified distinctly, but microfilaments were attached along the cytoplasmic side of the tight junction.
Mitotic cells were seen facing the colonic lumen (Fig. 2b ). They were connected with neighboring cells by the junctional complex as cells in the interphase. At the end of mitosis, the cell was divided by an axis perpendicular to the luminal surface.
The basal lamina lined the epithelium (Fig. 2a, 10a ). Beneath the basal lamina were undifferentiated mesenchymal cells (Fig. 10a ). These had a large nucleus, numerous free ribosomes, a few thin elements of rough endoplasmic reticulum and a small Golgi apparatus.
Thin connective tissue filaments were seen mainly along the basal lamina but only rarely in the extracellular matrix among mesenchymal cells. Mesenchymal cell bodies and processes were often in close association with the epithelial basal lamina. Blood capillaries had no fenestrations throughout the fetal development.
The colonic lumen was seen as a narrow irregular slit and was lined with a stratified epithelium consisting of 5-6 layers of undifferentiated cells. The cytoplasmic fine structure of the cells was almost similar to the earlier stage, though elements of rough endoplasmic reticulum and the Golgi apparatus were somewhat more developed and horseshoe-shaped vesicles were seen associated with the Golgi apparatus (Fig. 3a) . The junctional complex joined the neighboring epithelial cells around the colonic lumen as in the earlier stage. In addition, secondary junctional complexes were frequently found between two epithelial cells in the abluminal part of the epithelium (Fig. 3b) . The secondary functional complex consisted of the focal tight junction and desmosomes, and microfilaments attached themselves along the cytoplasmic side of the tight functional membrane. Numerous horseshoe-shaped vesicles and small intracellular cavities with a few microvilli were seen near the secondary junctional complex (Fig. 3c) . A horseshoe-shaped vesicle often opened into an intracellular cavity. Intracellular cavities of 0.7-1.0um in diameter were usually filled with thick microvilli and surrounded by a cytoplasm with abundant microfilaments (Fig. 3d-f ). Similar cavities were also found within the secondary junctional complex: these represented the intraepithelial cavities formed between two cells and surrounded by the tight junction of the secondary junctional complex (Fig. 3d-f ). Intraepithelial cavities were most frequently surrounded by two cells not only on these days but also on Day E17. Cavities surrounded by 3-6 cells (occasionally up to 10 cells) were also found, and were usually elongated in a direction almost perpendicular to the epithelial surface facing the colonic lumen. The horseshoe-shaped vesicles gathered near the intraepithelial cavities and opened into the cavities. Intracellular cavities were also found in the apical cytoplasm of the epithelial cell facing the narrowed colonic lumen; they occasionally opened directly into the colonic lumen (Fig.  3g ). Centrioles were often found in the vicinity of the secondary junctional complex and/or intraepithelial cavities as well as in the apical cytoplasm facing the narrowed colonic lumen. Many mitotic cells were seen in the epithelium. They faced either the main colonic lumen as in the earlier stage-or the intraepithelial cavities. In the latter case, the mitotic cell was joined with neighboring cells by the secondary junctional complex surrounding the intraepithelial cavity (Fig. 4) . At the end of mitosis, the cell was divided by an axis almost perpendicular to the intraepithelial cavitary surface, with the midbody formed facing the intraepithelial cavity at the terminal stage of mitosis. Consequently, the number of cells surrounding the intraepithelial cavity increased.
In this stage, the epithelial cells often contained so-called apoptotic bodies. The bodies were membranebounded and contained nuclear fragments and cytoplasmic organelles undergoing degradation (Fig. 5) .
The basal lamina and mesenchymal elements were quite uniform around the whole circumference of the epithelium. In mesenchymal cells, cisternae of rough endoplasmic reticulum began to distend with an amorphous substance. The intercellular space of the mesenchyme was enlarged and thin connective tissue filaments were scattered in this space in addition to the vicinity of the basal lamina. Days E17-E18: On Day E17, the colonic lumen was surrounded by the stratified epithelium consisted of undifferentiated cells as in the earlier stage, but the basal part of the epithelium was scalloped by the invasion of mesenchymal cells (Fig. 6a) . Secondary tight junctions surrounding intraepithelial cavities were fused with each other (Fig. 6b) . Intraepithelial cavities were elongated by fusion with neighboring intraepithelial cavities and also with the colonic lumen. Therefore, the number of intraepithelial cavities was decreased as the epithelium returned to a simple columnar organization, with short crypts forming on Day E18 (Fig. 7) . Vacuolated, absorptive, goblet, caveolated and endocrine cells began to be distinguishable simultaneously.
Vacuolated cells were located in the crypt (Fig. 8) . They were identified by the presence of secretory granules (0.2-0.4um in diameter) containing pale flocculent substance. Immature forms of vacuolated cells were found at the bottom of the crypt where undifferentiated cells remained (Fig. 8a) . Upwardly vacuolated cells showed a mature morphology with the development of rough endoplasmic reticulum and Golgi apparatus and increased numbers of secretory granules and mitochondria (Fig. 8b) . From the middle to upper crypt levels, the number of secretory granules was decreased by active exocytosis, and the number of microvilli increased to form the brush border (Fig. 8c) .
Absorptive cells appeared from the upper part of the crypt to the mucosal surface (Fig. 9) . The rough endoplasmic reticulum, Golgi apparatus, lysosomes and mitochondria were developed in the cytoplasm, and numerous microvilli were projected to form the brush border. The microvillous membrane had distinct glycocalyx. Plasmalemmal pits were often seen between the microvilli. The apical endocytic complex consisting of vesicles, tubules and vacuoles was found in the apical cytoplasm of some absorptive cells (Fig.  9b) .
Goblet cells were scattered in the epithelium lining the crypt and the mucosal surface (Figs. 7, 8 ). The nucleus was in the basal cytoplasm and was surrounded by parallel arrayed cisternae of rough endoplasmic reticulum. The well developed Golgi apparatus was in the supranuclear region where mucous granules (0.3-0.7um in diameter) were formed. Immature goblet cells with a few mucous granules were located at the bottom of the crypt, while mature goblet cells with larger numbers of mucous granules lay scattered both in the crypt and at the mucosal surface. Caveolated cells were occasionally seen in the crypt as well as in the mucosal surface. The apical cytoplasm of caveolated cells was characterized by long microvilli, numerous filaments running parallel to the cell axis and numerous round or ellipsoid caveolae, 0.1-0.3um in diameter.
A few endocrine cells were also identified in the epithelium by the presence of dense secretory granules in the basal cytoplasm (Fig. 7) .
Mitotic cells were located in the lower half of the crypt on Day E18 (Fig. 7) . Most mitotic cells belonged to undifferentiated and vacuolated cell populations. The mitosis of immature goblet cells was occasionally found.
In the lamina propria, mesenchymal cells gradually exhibited a fine structure of fibroblasts (Fig. 10b) . Cisternae of rough endoplasmic reticulum were distended with a flocculent substance and the Golgi apparatus was enlarged. The cells at the front of the invasion did not exhibit any apparent morphological difference from those surrounding the bottom of the crypt. Thin connective tissue filaments were found around the cells. Mitotic cells were mostly located in the vicinity of the epithelial basal lamina, and blood capillaries had no fenestrations. Unmyelinated nerve fibers were found in the mucosa.
DISCUSSION
Detailed studies on the histogenesis of the intestinal mucosa have been carried out mostly using the small intestine (MATHAN et al., 1976; MADARA et al., 1981; TOYOTA et al., 1989) . Here the histogenesis includes the following processes: 1) The mucosa is primarily lined with a single layer of undifferentiated epithelial cells.
2) The epithelium becomes thick and stratified, and the intestinal lumen appears to be obliterated or extremely narrowed. Intraepithelial cavities are formed in the thickened epithelium, simultaneously. 3) Intraepithelial cavities are fused with each other and with the intestinal lumen. This, and the invasion of the mesenchymal core, results in the formation of intestinal villi and reopening of the intestinal lumen.
Though intestinal crypts but not villi are to be formed in the developing colonic mucosa, the present study showed the histogenetic processes being fundamentally similar in respect to the transient stratification of the epithelium, the formation of intraepithelial cavitis, and the enlargement and fusion of the cavities. The last of these resulted in their opening into the main intestinal lumen followed by a mesenchymal invasion to separate the thickened epithelium. The mucosa of the descending colon of developing mice is primarily lined with a single layer of undifferentiated cells which interconnect with the junctional complex at the adluminal portion as in typical epithelia in the adult (HAYWARD and JOHNSTON, 1961; FARQUHAR and PALADE, 1963) , as well as in the developing small intestine (MATHAN et al., 1976; MADARA et al., 1981; ToYoTA et al., 1989) . As the epithelium appears stratified, the secondary junctional complex consisting of a focal tight junction with associated microfilaments and a desmosome is formed between two epithelial cells at the abluminal portion. Numerous horseshoe-shaped vesicles derived from the Golgi apparatus are transported into the vicinity of the secondary junctional complex, fusing to form an intracellular cavity with microvilli. Eventually the intracellular cavity opens within the focal tight junction of the secondary junctional complex to form an intercellular (intraepithelial) cavity surrounded by the tight junction.
Although the intracellular cavity is here first reported in the histogenesis of the gastrointestinal mucosa, the formation of intracellular cavities has been reported in other cell types in normal fetal development (reviewed by REMY, 1986) .
The Golgi apparatus and cytoskeleton, especially microfilaments, seem to play essential roles in the formation of intracellular cavities. Two alternative mechanisms have been considered (REMY and MARVALDI, 1985; REMY, 1986) : 1) An intracellular cavity is formed by distension and fusion of Golgi saccules, or alternatively 2) an intracellular cavity is formed by the fusion of vesicles derived from the Golgi apparatus. We consider the latter mechanism to be the case at least in the developing colon, where an intracellular cavity seems to be formed apart from the Golgi apparatus by the fusion of horseshoe-shaped vesicles derived from the Golgi apparatus, as in thyroid gland cells and hepatocytes (YAMAMOTO, 1965; ERICSON, 1979; REMY et al., 1983; Plc et al., 1984) . In the developing small intestine, vesicles but not intracellular cavities have been reported as preceding the formation of intercellular (intraepithelial) cavities (MATHAN et al., 1976; MADARA et al., 1981; TOYOTA et al., 1989) . However, we observed intracellular cavities also in the small intestine (YAMAMOTO et al., in preparation) , though we do not deny the possibility that the vesicles directly open intercellularly to form the intraepithelial cavity. The intracellular cavity is surrounded by microfilaments, which also constitute the core of the microvilli projecting into the cavity in the colonic epithelium, both in the present study and other tissues studied previously (YAMAMOTO, 1965; Pic et al., 1984) . This suggests that microfilaments play an essential role in the formation of the intracellular cavity. Actually, cytochalasin B is known to prevent the formation of the cavity (Pic et al., 1984) .
The process forming an intraepithelial cavity in the developing colonic mucosa is equivalent to the process of the novel formation of the apical cell surface. Based on observations of cultured cells during their transition from an unpolarized to a polarized state, it is generally considered that a newly formed intracellular cavity, or a vacuolar apical compartment, fuses with the cell membrane to form the apical cell membrane during the generation of a polarized epithelial cell phenotype (VEGA-SALAS et al., 1987 , 1988 LE BIvIC et al., 1988; RODRIGUEZ-BOULAN and NELSON, 1989) . Of particular interest is the fact that an apical membrane protein is first identified along the membranes of the intracellular cavity, then the intercellular cavity and finally the apical cell surface during the generation of cell polarity (VEGA-SALAS et al., 1987 , 1988 RODRIGUEZ-BOULAN and NELSON, 1989) . Since well-developed microvilli were found in the intracellular and intercellular cavities and then at the apical cell surface in the developing colonic mucosa of the present study, future studies on the development of microvillous enzymes of absorptive cells ought to prove interesting.
The intraepithelial cavities formed in the thickened epithelium eventually fuse with each other and with the main intestinal lumen in the descending colon as in the small intestine. The main difference in the histogenesis between the small and large intestine, i.e., villi being first formed in the former, while crypts in the latter, appears during this process. The only morphological differences observed between the two developing tissues are: 1) intracellular cavities and small intraepithelial cavities (such as those surrounded by two cells) are seen in the descending colon more frequently than in the small intestine; and 2) the cavities surrounded by many cells tend to be elongated in a direction perpendicular to the main intestinal lumen, and the tight junctions surrounding the cavities are fused to each other in the same direction in the colonic mucosa, while large intraepithelial cavities and the surrounding tight junctions seem to be elongated in random directions in the small intestine. These differences are reasonable since the narrow crypt lumina and the intestinal lumen surrounding the villi are formed in the descending colon and small intestine, respectively. Three dimensional observations will show these phenomena more clearly. Based on these results, we assume that the location of newly formed secondary tight junctions and the direction of their elongation provide for the formation site and fusion of intraepithelial cavities, and eventually result in the formation of villi or crypts, alternatively. The role of the mesenchyme, which looks quite uniform along the whole circumference of the epithelium until the formation and fusion of intraepithelial cavities have proceeded to a certain extent, seems secondary in the alternative formation of crypts or villi.
Some authors have described the transient formation of villi in developing mucosa of the ascending and transverse colon (JOHNSON, 1913; HELANDER, 1973; BELL and WILLIAMS, 1982) . Such is not the case in the descending colon (BRACKETT and TOWNSEND, 1980 ; the present study). It is possible that the development of the proximal colon occurs in a manner more similar to the small intestine than the distal colon.
As reported by previous authors (HELANDER, 1973; HARMON et al., 1984; WILLIAMS and BELL, 1985) , dead cells, also called apoptotic bodies or meconium corpuscles, are often included in the colonic epithelium during embryonic development. WILLIAMS and BELL (1985) suggested that apoptosis was the mechanism for the focal cell deletion leading to the formation of the intraepithelial cavity. However, the formation of the intraepithelial cavity is an process independent from cell death, as shown in the present study. Cell death seems to play a limited role in the histogenesis of the intestinal mucosa, such as providing room for the expansion of the intraepithelial cavity and eliminating those cells which are inadequate to be incorporated in the simple columnar epithelium in the following stage.
Five types of cells have been determined in the epithelium of the descending colon (CHANG and LEBLOND, 1971; HELANDER, 1973) , these being vacuolated cells, absorptive (columnar) cells, goblet cells, caveolated cells and endocrine cells. As shown in the present study, all five types of cells appear simultaneously with the formation of colonic crypts lined with the simple columnar epithelium. In the adult, vacuolated cells divide in the lower part of the crypt to produce more vacuolated cells, but as they migrate upward, they lose their vacuoles while ceasing to divide, and become typical absorptive cells (CHANG and LEBLOND, 1971 ). The present study showed that the cell renewal process is fundamentally established when the cell types are first differentiated in fetal development.
